Abstract. A cold atmospheric pressure gliding arc plasma jet has been developed and applied to disinfection. The size of the plasma output is about 6 mm in diameter and 10 mm in length. Ar gas at a flow rate of 10 slm and 25 W plasma power are used. Plasma discharge is produced between the divergent electrodes and the jet appears as an effluence of the gas flow. When a pseudomonas culture is placed at 8 mm below the torch for 1minute, where the gas is at room temperature, the bacteria within a 16 mm diameter circle are almost completely killed. As the UV radiation is well below the safety regulation, the bacteria are inactivated by the total effect of UV radiation and others like the reactive species and the charged particles.
I. INTRODUCTION
Physical plasma is a promising technology regarding its antimicrobial effects, especially in treatment of bacterial infected chronic wounds. Moreover, various plasma-based medical applications have been investigated with growing interest. Recently, research in atmospheric plasma sources has been quite active, as they have many advantages, e.g. low cost, simple design and easy handling [1] . These plasmas provide many chemical reactions at room-temperature and at atmospheric pressure due to the presence of high energy electrons. These discharges can be utilized for the cleaning of medical equipment [2, 3] . In addition, they are able to treat substances which are not compatible with high vacuum, such as living organisms [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . A contact-free treatment can be achieved without any harm of heat and pain. which are not compatible with high vacuum, such as living organisms [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . A contact-free treatment can be achieved without any harm of heat and pain.
In our group, a new atmospheric pressure plasma device, calded -cold atmospheric pressure gliding arc plasma jet (GA-CAP Jet), has been developed and tested in order to examine the possibility of plasma therapy for chronic wounds. In this article, basic device characteristics and measurements of plasma effects on bacteria cultures are discussed. A detailed view of the plasma torch is shown in figure 1(a) . The plasma torch consists of 2 divergent stainless steel blade like electrodes placed inside a dielectric funnel. In our group, a new atmospheric pressure plasma device, called -cold atmospheric pressure gliding arc plasma jet (GA-CAP Jet), has been developed and tested in order to examine the possibility of plasma therapy for chronic wounds. In this article, basic device characteristics and measurements of plasma effects on bacteria cultures are discussed.
Experimental setup

II. EXPERIMENTAL SETUP
Plasma apparatus
A detailed view of the plasma torch is shown in Fig. 1(a) . The plasma torch consists of 2 divergent stainless steel blade like electrodes placed inside a dielectric funnel. The plasma is ignited at the shortest distance (2 mm) between the two electrodes begins the cycle of the gliding arc evolution. The gas flow pushes the plasma column with the velocity of about 10 m s −1 . The length of the arc increases with the voltage. When the length of the gliding arc exceeds its critical value, the non-equilibrium stage begins, and the plasma then rapidly cools down to room temperature while conductivity is sustained by high electron temperature. After decay of the non-equilibrium discharge, a new breakdown takes place at the shortest distance between the electrodes and the cycle repeats.
Through various designs, it was found that this geometric configuration gave the coolest GA-CAP jet for a given input power. Working under gliding arc principle, blade-like structure of the electrodes and the funnel plasma chamber are important for the triggering and stability of the discharge. The tips of the electrodes are situated at 10 mm to the nozzle. Since the typical size of chronic wounds is relatively large, our torch's opening is also made as wide as possible (6 mm in diameter). In order to minimize toxic products during operation, only Ar gas (purity 99.99%) was used to produce the plasma.
Measurement of plasma parameters
The maximum temperature of the torch surface is 47˚C during the experiments. Fig. 1(c) shows a front view of the plasma shape on a glass slide 8 mm under the torch (the exposure time of the photo is 10 s). The shape of the plasma looks circular, although its shape is rather distorted in Fig. 1(b) where the exposure time is shorter. The gas temperature in the plasma flow below the torch was measured by a small thermocouples (type K). In order to assess the safety of the GA-CAP jet, a z -profile (z : distance from the torch's opening) of the UV light radiation power density was measured by a power meter (THB UV Power Meter UV340B) between 160 and 360 nm.
Pseudomonas culture on agar
Pseudomonas aeruginosa SG81 was provided by Department of Microbiology of Hanoi Medical University. Pseudomonas aeruginosa SG81 was cultured on the base agar (Merck) with 10 6 bacteria per 1 ml using streak culture method. Bacteria was treated by plasma for 10 s, 30 s, 1 min, 2 min, 3 min with 6 independent experiments each. The effects of plasma was quantified by the diameter of inhibition zone.
III. RESULTS AND DISCUSSIONS
Results and discussions
Figure 2. Gas temperature as a function of the distance z from the nozzle.
We investigated the axial profile of the gas temperature of the plasma jet. Room temperature was 30 o C. Figure 2 shows the z -profiles of the measured gas temperature, along the jet axis. In the vicinity of the nozzle, the gas temperature is slightly rising outward to the maximum of 39 o C at z = 12 mm. Starting from z = 12 mm, the gas temperature is decreased gradually. However at any position, the temperature is well below 40 o C, low enough for 'in vivo' application.
A typical UV radiation spectrum obtained from an Ar plasma jet contains two strong peaks in the UV-B region, and no strong line in the UV-C region. We investigated the axial profile of the gas temperature of the plasma jet. Room temperature was 30 o C. Fig. 2 shows the z -profiles of the measured gas temperature, along the jet axis. In the vicinity of the nozzle, the gas temperature is slightly rising outward to the maximum of 39˚C at z = 12 mm. Starting from z = 12 mm, the gas temperature is decreased gradually. However at any position, the temperature is well below 40˚C, low enough for 'in vivo' application.
A typical UV radiation spectrum obtained from an Ar plasma jet contains two strong peaks in the UV-B region, and no strong line in the UV-C region. Fig. 3 shows a z -profile of the integrated UV power density. The sensor is placed at the center axis of the plasma jet. The UV power density decreases monotonically as z increases. At the position where the samples are placed (z = 8 mm), the UV power is 50 µW/cm 2 well below the International Commission on Non-Ionizing Radiation Protection (ICNIRP) guideline for UV protection [19] . This means that our plasma jet is safe for 'in vivo' application in term of UV radiation. In order to investigate the plasma exposure effect on bacteria, Pseudomonas aeruginosa SG81 sample were placed 8 mm away from the output of the torch for 1 minute, 2 minutes, and 3 minutes. Clearly visible bactericidal effects can be observed as zone of inhibition zones on the agar plate (Fig. 4) . The bacteria within circles of 16 mm, 20 mm, and 23 mm diameters respectively, have been killed.
The boundary of the zones of inhibition was rather sharp, and the zones of inhibition were several times larger than the opening of the torch. The results on the diameters of the inhibition zones from 5 experiments are summarized and plotted in Fig. 5 .
From our results, we can see that UV light could be one important agent for killing bacteria. However, it is possible other mechanisms related to charged particles [20] or reactive species [4, 21] which are produced during the interaction of plasma with ambient air. This should be clarified in another study for mechanism of plasma effect on bacteria.
Diameter of the inhibition zone as a function of treatment time.
IV. CONCLUSION
In conclusion, a cold atmospheric pressure gliding arc plasma jet has been developed for the purpose of "in vivo" bacterial disinfection. By using 10 slm of Ar gas flow and 25 W of plasma power at atmospheric pressure, we obtained plasmas with characteristics which are suitable for medical applications and treatment.
Tests with cultures of Pseudomonas have proven the bactericidal effect. UV radiation was not the only agent responsible for killing bacteria; there are other mechanisms involved in sterilization of bacteria cultures. We consider that this technique can be used for a number of different medical applications, in particular healing wounds, and have started a clinical study for the therapy of chronic foot and leg ulcers.
In order to investigate the plasma exposure effect on bacteria, Pseudomonas aeruginosa SG81 sample were placed 8 mm away from the output of the torch for 1 minute, 2 minutes, and 3 minutes. Clearly visible bactericidal effects can be observed as zone of inhibition zones on the agar plate (figure 4). The bacteria within circles of 16 mm, 20 mm, and 23 mm diameters respectively, have been killed. . Fig. 4 . Pseudomonas culture on an agar plate after plasma treatment for 1 min, 2 min and 3 min. The culture was placed at z = 8 mm, and the image was taken after 24 hours incubation.
Inhibition zone
The boundary of the zones of inhibition was rather sharp, and the zones of inhibition were several times larger than the opening of the torch. The results on the diameters of the inhibition zones from 5 experiments are summarized and plotted in Figure 5 .
From our results, we can see that UV light could be one important agent for killing bacteria. However, it is possible other mechanisms related to charged particles [20] or reactive species [4, 21] which are produced during the interaction of plasma with ambient air. This should be clarified in another study for mechanism of plasma effect on bacteria. 
Conclusion
Tests with cultures of Pseudomonas have proven the bactericidal effect. UV radiation was not the only agent responsible for killing bacteria; there are other mechanisms involved in sterilization of bacteria cultures. We consider that this technique can be used for a number of different medical applications, in particular healing wounds, and have started a clinical study for the therapy of chronic foot and leg ulcers. 5 . Pseudomonas culture on an agar plate after plasma treatment for 1 min, 2 min and 3 min. The culture was placed at z = 8 mm, and the image was taken after 24 hours incubation.
